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ABSTRACT
COASY protein-associated neurodegeneration (CoPAN) is a rare autosomal recessive disorder within the Neurodegeneration 
with Brain Iron Accumulation spectrum, resulting from mutations in COASY. This gene encodes the bifunctional enzyme es-
sential for the final steps of coenzyme A biosynthesis. To elucidate the pathophysiology and iron dyshomeostasis underlying 
CoPAN, we analyzed fibroblasts and human induced pluripotent stem (hiPS)-derived astrocytes from two patients carrying 
distinct COASY mutations. Our findings reveal that CoPAN fibroblasts display altered iron homeostasis, characterized by iron 
aggregates, elevated cytosolic labile iron pool, and impaired tubulin acetylation. Patients hiPS-derived astrocytes showed mi-
tochondrial morphological abnormalities and compromised vesicular trafficking. Notably, both cell types demonstrated evi-
dence of ferroptosis, but the astrocytes exhibited more pronounced iron accumulation and lipid peroxidation. These results 
demonstrate that astrocytes may more accurately recapitulate the pathological phenotype of CoPAN compared to fibroblasts. 
Interestingly, astrocytes exhibited different levels of iron accumulation concomitant with cellular senescence, indicating a pos-
sible role of iron-induced cellular senescence. This finding suggests that the accumulation of cytosolic iron, possibly caused by 
mitochondrial dysfunction, actively promotes senescence. Our data emphasize the potential therapeutic efficacy of drugs that 
enhance mitochondrial functionality to attenuate the effects of CoPAN.

1   |   Introduction

COASY protein-associated neurodegeneration (CoPAN) 
(OMIM #615643) is a rare autosomal recessive disorder be-
longing to the family of Neurodegeneration with Brain Iron 
Accumulation (NBIA). It is caused by mutations in the COASY 
gene, located on chromosome 17q21, which encodes for the 

bifunctional enzyme 4′-phosphopantetheine adenyltransfer-
ase/dephospho-CoA kinase (PPAT/DPCK), also known as 
Coenzyme A (CoA) synthase (COASY). The onset of symptoms 
occurs in the first years of life and is mainly characterized 
by difficulties in movement and walking. As the disease pro-
gresses, dysarthria, oromandibular dystonia, paraparesis, bra-
dykinesia, areflexia of the lower limbs and loss of the ability to 
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walk independently also occur. In addition, cognitive abilities 
are severely compromised and neuropsychiatric symptoms, 
such as obsessive-compulsive disorder and depression are 
present (Dusi et al. 2014). Patients' brain magnetic resonance 
images showed signs of hypointensity in the globus pallidus 
(GP) and bilateral hyperintensity and swelling in the caudate 
nucleus, putamen and thalamus. The “eye of the tiger” sign 
(Chang and Lin 2011), which is due to severe iron accumula-
tion (Kruer et al. 2011), has also been found in some patients 
with CoPAN, but not in all (Evers et al. 2017). Increased levels 
of free carnitine, and decreased levels of acyl-carnitine, in the 
patients' blood were also detected (Evers et al. 2017).

The COASY enzyme, which consists of 564 amino acids, cat-
alyzes the last two steps of CoA biosynthesis and is activated 
by the presence of phospholipids, such as phosphatidylcholine 
and phosphatidylethanolamine (Aghajanian and Worrall 2002). 
COASY has a mitochondrial localization, where it is present 
mainly in the matrix or associated with the outer membrane 
(Dusi et al. 2014). More recently, the presence of COASY has also 
been identified in the cytoplasm and nucleus (Lin et al. 2018). 
Analysis of fibroblasts obtained from CoPAN patients showed 
an alteration, but not a complete depletion, of CoA synthesis, 
thus suggesting a residual catalytic activity of the variant pro-
teins or the presence of alternative pathways for the production 
and recycling of CoA (Dusi et al. 2014).

To date, 17 different COASY variants have been described 
(Ajit et al. 2023; Cavestro et al. 2024b; Dusi et al. 2014; Evers 
et  al.  2017; Hashemi et  al.  2023; Mahale et  al.  2023; Rosati 
et al. 2023), which are associated with a wide range of clinical 
symptoms with some common features (Cavestro et al. 2024b; 
Dusi et  al.  2014; Evers et  al.  2017). Furthermore, complete 
loss of function mutations in COASY have also been associ-
ated with Pontocerebellar Hypoplasia (PCH) type 12, a rare 
neurodegenerative disorder characterized by hypoplasia of the 
cerebellum and pons. A characteristic feature of the pathology 
is the complete absence of COASY in the cells of affected pa-
tients, leading to a perinatally lethal phenotype. The search 
for iron aggregates in the brain, performed in a post-mortem 
patient, did not reveal accumulation of iron; this could be 
explained by the young age at the time of death (gestational 
age of 21 weeks) (Mishra et  al.  2022; van Dijk et  al.  2018). 
Variations in COASY have also recently been associated 
with a riboflavin-responsive lipid storage myopathy (RR-
LSM) (Zheng et al. 2024). So far, a limited number of CoPAN 
models have been developed (Berti et  al.  2015; Cavestro 
et al. 2024a; Di Meo et al. 2020; Khatri et al. 2016). In the yeast 
Saccharomyces cerevisiae, CoA synthesis involves a sequence 
of five enzymes (CAB1 to CAB5), and PPAT and DPCK activ-
ities reside on different proteins encoded by CAB4 and CAB5, 
respectively (Berti et al. 2015). Deletion of both genes results 
in a lethal phenotype, which is rescued by the expression of 
the wild-type human COASY protein, while mutant COASY 
leads to severe consequences including pantothenate auxot-
rophy, reduced growth, decreased mitochondrial CoA levels, 
impaired mitochondrial respiratory chain, iron homeostasis 
dysfunction, and altered lipid content (Berti et al. 2015). When 
coasy is completely absent in zebrafish, it results in severe de-
velopmental abnormalities and early death. However, a partial 
reduction in coasy levels leads to milder phenotypes such as 

reduced size, developmental defects in the nervous system, vas-
cular arborization, and reduced embryonic CoA levels (Khatri 
et al. 2016). As COASY is an essential gene, the only mamma-
lian model of COASY deficiency developed so far is conditional 
knockout mouse models, where Coasy is specifically deleted 
in neurons or in astroglial lineage (Cavestro et al. 2024a; Di 
Meo et al. 2020). Both models exhibit severe early-onset neu-
rological impairment, characterized by growth arrest, loco-
motor abnormalities, and dystonia. Post-mortem analysis of 
the brains of these mice revealed alterations in mitochondrial 
structure and/or function, as well as changes in iron homeo-
stasis, including increased Ferritin-L, the cytosolic iron stor-
age protein, and decreased transferrin receptor 1 (TfR1) and 
divalent metal transporter 1, two of the iron cellular import-
ers (Cavestro et al. 2024a; Di Meo et al. 2020). Interestingly, 
the astroglial conditional model showed a severe cortical and 
cerebellar hypoplasia, suggesting a critical role of Coasy also 
in neurodevelopment (Cavestro et al. 2024a). The relationship 
between iron dys-homeostasis and CoA deficiency has been 
studied more thoroughly in disease models of PKAN (Arber 
et al. 2017; Orellana et al. 2016), a pathology associated with 
alteration of PANK2, the enzyme that catalyzes the first reac-
tion of the CoA pathway (Hayflick 2023; Leonardi et al. 2005). 
In particular, the studies on hiPS-derived astrocytes high-
lighted the pathogenic mechanism that leads to cytosolic iron 
accumulation. Briefly, CoA restriction alters tubulin acetyla-
tion (Santambrogio et al. 2024), which impairs normal TfR1 
endocytosis (Ripamonti et al. 2022), reducing iron transport to 
the mitochondrion (Santambrogio et al. 2024). The cell com-
pensates for mitochondrial iron deficiency by a continuous 
recall of iron which is not properly distributed intracellularly 
and accumulates in the cytosol (Santambrogio et  al.  2024). 
Here, using human fibroblasts and hiPS-derived astrocytes as 
disease models, we found that also COASY variants are asso-
ciated with altered tubulin acetylation and variable cellular 
iron accumulation. This variation depends on the cell type 
and the specific gene mutations and correlates with different 
degrees of cellular senescence. Moreover, d-astrocytes from 
both patients showed signs of ferroptosis, an iron-dependent 
regulated form of cell death.

2   |   Methods

All methods have related literature references. All fibroblasts 
and d-astrocytes from controls and CoPAN patients were sub-
jected to the same analyses, with one example reported in each 
figure. Further protocol information is available from the corre-
sponding author upon reasonable request.

Primary fibroblast cell lines were generated from skin biopsies 
from two patients obtained from the Movement Disorders Bio-
Bank available at Fondazione IRCCS Istituto Neurologico Carlo 
Besta and two healthy subjects purchased from ATCC.

2.1   |   Cell Models

The fibroblasts were cultured in high glucose Dulbecco's 
Modified Eagle Medium with or without the addition of 15 μM 
FAC, 1 μM Apo-Tf, 200 μM Ascorbic acid supplemented with 
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10% fetal bovine serum from two different batches (named 
A or B) (Euroclone, Pero, Italy) 1% penicillin/streptomycin, 
and 2 mM L-glutamine (Sigma-Aldrich, Milano, Italy), at 
37°C in a 5% CO2 humidified atmosphere (Dusi et  al.  2014). 
In the experiments were the type of serum was not specified 
is intended the use of serum A without addition of iron. We 
reprogrammed fibroblasts from two CoPAN patients and 
two normal subjects (controls) via Sendai virus-mediated 
expression of the four Yamanaka's factors to obtain CoPAN 
and control transgene-free hiPS clones (Orellana et al. 2016; 
Takahashi and Yamanaka 2006). Independent hiPS clones for 
each of the two CoPAN patients and the two controls were 
generated and fully characterized.

COASY gene was amplified by PCR using genomic DNA as a tem-
plate. The primers used were (5′-3′): c.C175T-​Fw-GTCT​CCTG​
GTGCTGACGAC, c.C175T-​Re-CCTA​CCCTTC​CTTGA​TCTCG, 
c.C1495T-Fw-GAGG​ATGGCA​ACAGCTAAGG, c.C1495T-​Re-​
AACC​AGGG​TGAGCATCAAG. The PCR products were inserted 
into a shuttle vector (TOPO TA cloning kit, Thermo Fisher) and 
then Sanger sequencing was performed.

The same hiPS clones for each control and CoPAN patients 
were differentiated into a pure and stable population of ma-
ture astrocytes as in (Santambrogio et  al.  2022). Briefly, 
NPCs were seeded onto iMatrix-511 (Amsbio, Cambrige, MA, 
USA)-coated plates and grown in DMEM-F12 (Euroclone) 
supplemented with 1% Pen/Strep (Sigma-Aldrich), 2 mM L-
glutamine (Sigma-Aldrich), N2 (1:100; Life Technologies), 
B27 (1:200; Life Technologies, Carlsbad, CA, USA), and bFGF 
(20 ng/mL; Tebu-Bio, Magenta, Italy). When the cell culture 
reached a confluence of approximately 60%, the medium was 
supplemented with 20% FBS (Euroclone), and the medium 
was changed every 2–3 days. The culture was maintained for 
more than 40 days to produce astrocytes with a good level of 
maturation.

2.2   |   Cell Viability Assay

A total of 2 × 104 cells were plated in 96-well plates, grown for 18 h 
at 37°C in medium, and then incubated with 10 μL MTT solution 
(5 mg/mL in phosphate-buffered saline 1X) for 2 h at 37°C. The 
color absorbance was read at 570 nm following the manufactur-
er's instructions (Sigma-Alderich) (Cozzi et al. 2019).

2.3   |   Immunofluorescence and Immunoblotting

Cells grown on coverslips were fixed in 4% paraformalde-
hyde and processed for immunofluorescence as described 
in (Santambrogio et  al.  2020). Specific antibodies and con-
ditions are listed in Table  S1. Images were acquired by a 
Zeiss Axio Observer Z1 fluorescence microscope equipped 
with a Hamamatsu FM-CCD 9100–02 camera and Volocity 
acquisition software. Immunoblotting was performed after 
separation of soluble proteins (25 μg) by SDS-PAGE as in 
(Orellana et  al.  2016) treated or not with different reagents 
(100 �M Ferrum Ammonium Citrate and 200 μM Ascorbic 
Acid, 100 μM Deferiprone, 25 μM CoA 10 nM Min102) at the 
time indicated. Specific antibodies and conditions are listed 

in Table  S1. The signal was revealed using an ECL Prime 
Kit (Merck, Rome, Italy) and detected with a ChemiDoc MP 
Imaging System (BIORAD, Segrate, Italy). Total protein con-
tents were measured using the BCA Protein assay (Thermo 
Fisher Scientific, Monza, Italy) calibrated with Bovine Serum 
Albumin.

2.4   |   Perls Staining

Fibroblasts and d-astrocytes from CoPAN patients and controls, 
grown on coverslips for 72 h, were fixed in 4% paraformalde-
hyde and were stained for iron content via the Perls reaction, 
incubating them for 1 h in 1% potassium ferrocyanide (K4[Fe 
(CN)6] ∙ 3H2O) and 1% hydrochloric acid in distilled water. Cells 
were counterstained with Nuclear Fast Red (Sigma-Alderch). 
Images were taken on a Zeiss AxioImager M2m equipped with 
AxioCam MRc5 using a 40× objective.

2.5   |   Determination of Cytosolic LIP

Cytosolic LIP was measured in fibroblasts incubated for 24 h in 
a 96-well plate, using the iron-sensitive fluorescent probe cal-
cein (Thermo Fisher Scientific), as described in (Santambrogio 
et al. 2024). Basal fluorescence was acquired using an Arrayscan 
XTI HCA Reader (Thermo Fischer Scientific) equipped with 
an LD Plan-NEOFLUAR 20×/0,4NA objective (Zeiss, Milan, 
Italy). Excitation LED (386/23 nm) was used for Hoechst, LED 
(485/20 nm) was used for calcein, and a pentaband BGRFRN 
dichroic mirror and emission filter were used for both. Total 
calcein fluorescence was measured after the release of iron 
bound to the probes by the addition of the specific iron chelator 
PIH (1 mM) for 30 min. The difference between total and basal 
fluorescence represents the cytosolic LIP. The results were nor-
malized using Hoechst fluorescence as an estimation of the 
number of cells.

2.6   |   H-Ferritin Quantification

H-Ferritin level was determined by ELISA assay using the 
monoclonal antibody rH02 (homemade) calibrated on the corre-
sponding recombinant homopolymer (Cozzi et al. 1989).

2.7   |   Electron Microscopy

CoPAN patients and controls d-astrocytes were fixed in 4% 
paraformaldehyde and 2.5% glutaraldehyde, post-fixed with 2% 
OsO4, washed, dehydrated, and embedded in Epon812. Thin 
sections were stained with uranyl acetate and lead citrate and 
examined in a Leo912 electron microscope (Zeiss). Images were 
randomly obtained under blind conditions to the examiner.

2.8   |   SA-β-Gal Activity Detection

The cells were analyzed according to the protocol “Senescence 
Cells Histochemical Staining” (Sigma-Alderich). This assay 
is based on a histochemical stain for �-galactosidase activity 



1470 Glia, 2025

at pH 6. In brief, the cells were fixed with a solution contain-
ing 20% formaldehyde and 2% glutaraldehyde, stained with a 
solution of X-gal, and incubated at 37°C for 18 h. The cells were 
observed under bright light: the blue-stained cells and total 
number of cells were counted, and the percentage of cells ex-
pressing �-galactosidase was calculated.

2.9   |   SynaptoZip and Synbond Uptake

Lentiviral vectors encoding SynaptoZip (SZ) were prepared 
and used as described in (Ferro et al. 2017) to infect astrocytes 
at 30 days of age. Experiments using fluorescent Synbond 
(SB) were performed on astrocytes between 60 and 80 days 
old. Cells expressing SZ were incubated live with 5 nM SB-
Alexa-568 for either 5 or 30 min at 37°C and 5% CO2 in serum-
free DMEM F12. After incubation, the cells were washed 
with PBS at 4°C supplemented with 1% BSA, rinsed with cold 
PBS, fixed with 4% paraformaldehyde, and analyzed for ret-
rospective fluorescence analysis. Fluorescence was acquired 
via confocal imaging using a LEICA TCS SP5 laser scanning 
microscope (Wetzlar, Germany), equipped with the appro-
priate emission/absorption filters. Laser parameters were set 
to avoid pixel saturation, and images were captured at a res-
olution of 2048 × 2048, 12-bit, with either a 40×/1.25 NA or 
63×/1.4 NA oil objective for analysis. The mean fluorescence 
of individual vesicles was calculated for each image, and ves-
icle segmentation was performed semi-automatically on the 
SZ signal using MATLAB (Mathworks, Natick, United States) 
standard built-in functions/plugins, as previously described 
(Ripamonti et al. 2022).

2.10   |   Statistical Analyses

No statistical methods were employed to predetermine the 
sample size in the experiments. Normally distributed data 
were analyzed using a two-tailed unpaired Student's t-test 
or one-way ANOVA followed by the Holm-Sidak post-test in 
GraphPad Prism (version 6.0). The Synpatozip experiments 
were analyzed using a two-way ANOVA followed by a post 
hoc Holm test using R (version 4.4.1). Data are reported as 
means ± SD or SEM. A p-value < 0.05 was considered statis-
tically significant.

Multiple LMEs were fitted to the data, with different fixed 
and random effect factors as described in the Results section. 
ANOVA or Kenward-Roger tests were performed on the fitted 
models. The normality of the dependent variable distributions, 
as well as the residuals of the LME models, was assessed graph-
ically using qqplots and histograms. For correlation analyses, 
Pearson's correlation coefficient was used. These analyses were 
conducted using R (version 4.4.1).

Two formulas for each of the four western-blot targets (GPX4, 
MDA, 4HNE, and NCOA4) were fitted using the following for-
mulas (Wilkinson notation):

and

Where Y represents the normalized values obtained from the 
Western Blot (the ratio between the protein and the house-
keeping gene, all normalized to a control) for GPX4, MDA, 
4HNE, and NCOA4. Among the fixed effect factors evaluated, 
CoPAN indicates whether the measurement is from a patient 
or a control, Cell Type indicates the type of cell, either fibro-
blast or astrocyte, while CoPAN · Cell Type is the interaction 
between these two variables. Finally, two random effects, one 
for the subject and the other for the experimental session, 
were added.

3   |   Results

3.1   |   Characterization of CoPAN Fibroblasts 
Highlighted Alteration of Iron Homeostasis

We analyzed fibroblasts originating from two CoPAN patients 
(Dusi et  al.  2014). The first one is a compound heterozygous 
for two variants: the c.175C>T transition, causing the p.Gln59* 
variation, which leads to the appearance of a premature STOP 
codon in the regulatory region present at the N-terminus of 
the protein (Dusi et al. 2014) (Figure S1A); and the c.1495C>T 
transition, which causes the p.Arg499Cys missense change in 
the amino acid sequence (here named CoPAN[Arg499Cys+Gln59*]). 
This latter alteration hits the DPCK domain of the protein and 
affects a highly conserved amino acid residue (Figure S1A), es-
sential for the binding between the protein and ATP, as well as 
for the transfer of the phosphate group (Dusi et al. 2014). The 
second patient carries the c.1495C>T variant in both alleles, 
leading to homozygous p.Arg499Cys (Figure S1A) (here named 
CoPAN[Arg499Cys]) (Dusi et al. 2014). They were investigated in 
parallel with two controls derived from healthy subjects (see 
Materials and methods).

The MTT assay demonstrated a reduced viability of both CoPAN 
fibroblasts compared to controls (Figure S1B), suggesting a com-
promised physiological function. Immunoblotting analysis con-
ducted on fibroblast lysates indicated the absence of the COASY 
protein in the CoPAN[Arg499Cys+Gln59*] and a detectable protein 
level in CoPAN[Arg499Cys] (Figure S1C).

By a bioinformatic tool (SIREs program, http://​ccbg.​imppc.​
org/​sires/​​), Arber and coworkers (Arber et al. 2016) previously 
identified the presence of a hypothetical Iron Responsible 
Element (IRE) in the 3' UTR region of the COASY transcript 
(Figure  S1A). The canonical IRE sequence is recognized by 
IRP1/2 proteins (Hentze et al. 2010), the iron sensor proteins 
that, based on cellular iron concentration, regulate the trans-
lation of proteins involved in maintaining iron homeostasis. 
Thus, the presence of a functional IRE sequence on the COASY 
transcript could be utilized to modulate the amount of pro-
tein by variation of iron concentration to increase the protein 
level. The functionality of the IRE sequence was tested upon 
cell treatment with iron addition (100 μM Ferric ammonium 
Citrate, FAC) or with an iron chelator (100 μM Deferiprone, 
DFP) for 18 h. The results showed that the level of COASY 

(1)
Y∼1+CoPAN+Cell Type+CoPAN ⋅Cell Type

+(1| subject)+(1| experiment)

(2)
Y ∼ 1 + CoPAN + Cell Type + (1| subject) + (1| experiment)

http://ccbg.imppc.org/sires/
http://ccbg.imppc.org/sires/
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protein did not change after the treatments (Figure  S1C), in-
dicating that COASY is not modulated by iron concentration.

However, the investigation of cellular iron metabolism re-
vealed the alteration of iron parameters in CoPAN fibro-
blasts, with respect to the control cells (Figure 1). Either the 
presence of Perls positive iron aggregates, indicative of iron 
accumulation (Figure  1A), and the increase of the cytosolic 

labile iron pool (Figure  1B) suggested the alteration of iron 
concentration in CoPAN fibroblasts, which is confirmed by 
the increased amount of the iron storage protein Ferritin-H 
(FtH) (Figure  1C) and by the decrease of the iron im-
porter Transferrin Receptor (TfR1) (Figure  1D). However, 
both Ferroportin (Fpn) (Figure  S2A) and Divalent Metal 
Transporter 1 (DMT1-IRE) are not expressed significantly 
differently (Figure S2B).

FIGURE 1    |    Cellular iron mobilization in CoPAN fibroblasts. (A) Representative image of fibroblasts from control and CoPAN patients stained 
with the iron-specific Perls reaction (blue), and counterstained with nuclear fast red. The arrowheads show the iron aggregates. Scale bars 20 μm (B) 
Evaluation of cytosolic Labile Iron Pool (LIP) in fibroblasts stained with specific probe calcein and Hoescht. The graph shows the mean ∓ SEM of 
three independent experiments (one-way ANOVA). (C) H-Ferritin chain (FtH) level determined by ELISA assay on soluble cell homogenates from 
fibroblasts. The graph shows the mean ∓ SEM of three independent experiments (one-way ANOVA). (D) Western blot of soluble cell homogenates 
from fibroblasts probed with the indicated antibody. Quantification of TfR1 protein normalized to Actin by densitometry. The graph shows the mean 
∓ SEM of three independent experiments (one-way ANOVA) (right panel). *p < 0.05, ***p < 0.001, ****p < 0.0001.
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FIGURE 2    |    Acetylation in CoPAN fibroblasts. (A) Western blot of soluble cell homogenates from control and CoPAN patients’ fibroblasts (grown 
in supplemented serum B), in the presence or absence of 25 μM CoA or 10 nM MIN102, probed with the indicated antibody. (B) Quantification of 
the proteins normalized to Actin by densitometry. Graph indicates the means ∓ SEM of three independent experiments (one-way ANOVA). (C) 
Western blot of soluble cell homogenates from control and CoPAN patients' fibroblasts probed with the indicated antibody (above), quantification of 
the α-acetylated tubulin normalized to Actin by densitometry when fibroblasts are grown in non-supplemented serum (below). Graph indicates the 
mean ∓ SEM of three independent experiments (one-way ANOVA). (D) Western blot of soluble cell homogenates from control and CoPAN patients' 
fibroblasts probed with the indicated antibody (above), quantification of the Acetylated lysine normalized to Actin by densitometry (below). Graph 
indicates the means ∓ SEM of three independent experiments (one-way ANOVA). *p < 0.05, ***p < 0.001, ****p < 0.0001.
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FIGURE 3    |     Legend on next page.
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3.2   |   CoPAN Fibroblasts Showed Altered Tubulin 
Acetylation

One of the effects of CoA restriction is the alteration of protein 
acetylation (Galdieri et al. 2014; Siudeja et al. 2011). In our pre-
vious study (Santambrogio et al. 2024), the alteration of tubulin 
acetylation was identified as responsible for the mechanism un-
derlying the accumulation of cytosolic iron in PKAN disease. 
To verify whether this alteration also occurs in CoPAN cells, we 
tested the level of α-acetylated tubulin that resulted in a strongly 
decreased level in CoPAN fibroblasts compared to the control 
(Figure 2A,B).

We observed that tubulin acetylation strongly depended on 
the presence of iron in the medium. It occurred that the use of 
serum B alone or added to iron (see Materials and Methods) cor-
related with Perls negativity or positivity in patient fibroblasts. 
In fact, by supplementing the medium prepared with serum B 
with physiological concentrations of transferrin and iron (by 
adding 1 μM Apo-Tf, 15 μM Ferric ammonium Cytrate (FAC), 
and 200 μM Ascorbic acid to make iron available to Tf), we no-
ticed that Perls positivity was restored in patient fibroblasts, 
leaving the controls unaltered.

Interestingly, when we used the non-supplemented medium 
with serum B, we observed no difference in α-acetylated tubu-
lin (Figure  2C) as well as in Perls positivity (data not shown), 
further corroborating the crucial role of iron in determining this 
phenotype.

In addition, the levels of acetylated tubulin can be re-
stored to varying  degrees (Figure  2A,B) by treating the 
cells with CoA and, more effectively, with leriglitazone 
(5-[[4-[2-[5-(1-hydroxyethyl)pyridine-2-yl]ethoxy] phenyl]meth-
yl]-​1,3-thiazolidine-2,4-dionehydrochloride), a peroxisome 
proliferator-activated receptor gamma agonist (here named 
MIN-102), previously proven effective in PKAN (Santambrogio 
et al. 2023), that at least for one patient restored the acetylation 
level to the same extent as control (Figure 2A,B).

We also tested the total lysine acetylation of cell homogenates 
by immunoblotting. This analysis did not reveal a statisti-
cally significant difference between CoPAN and control cells 
(Figure 2D).

3.3   |   CoPAN Astrocytes Show Mitochondrial 
Morphology and Vesicular Trafficking Impairments

To obtain a model that better recapitulates the disease, we repro-
grammed these CoPAN and control fibroblasts into transgene-
free hiPS clones (see Materials and Methods) (Orellana et al. 2016; 
Takahashi and Yamanaka 2006). We selected one clone for each 

of the two CoPAN patients and the two controls. The preserva-
tion of the patients' mutations was confirmed by Sanger sequenc-
ing on the newly obtained hiPS clones (Figure  S3A) and the 
correct karyotype was regularly tested (not shown). The expres-
sion of master regulators of pluripotent stem cells and associated 
markers, Nanog, Tra1-60, Oct4, and Sox2, was assessed by im-
munofluorescence analysis, and the results confirmed the stem 
cell pluripotency state of the hiPS lines (Figure  S3B). Control 
and CoPAN hiPS clones were differentiated into neuronal pre-
cursor cells (NPCs) (Orellana et al. 2016), and then into astro-
cytes (d-astrocytes) (Santambrogio et  al.  2022; Santambrogio 
et al. 2024). Nearly all the cells were positive for the astrocyte-
specific marker GFAP, while negative for Nestin, a marker of 
neural stem cells (Figure 3A), as well as positive for the astro-
cytic EAAT2 and negative for the neuronal Map2 markers (not 
shown), demonstrating that these cultures were virtually com-
posed of astrocytes. Moreover, the development of d-astrocytes 
in the presence of 25 μM CoA did not influence the quality of 
the final product (Figure 3A), while it ameliorated the reduced 
viability of the mutated d-astrocytes (Figure 3B). Ultrastructural 
analysis of d-astrocytes revealed the presence of morphologi-
cal alterations of mitochondria in CoPAN specimens; they ap-
peared abnormal, enlarged, and swollen with damaged cristae 
(Figure 4A). By measuring the larger diameter perpendicular to 
the longitudinal axis of more than 40 mitochondria per subject, 
a difference in the distribution of diameter lengths was revealed, 
implying a higher proportion of altered mitochondria in CoPAN 
compared to control d-astrocytes (Figure 4B).

To verify if the CoA impairment affects vesicular trafficking, as 
we have previously revealed in PKAN (Ripamonti et al. 2022), 
we used the activity-enriching biosensor SynaptoZip tool (Ferro 
et al. 2017). This tool utilizes an engineered VAMP2 protein that 
binds to a small fluorescent peptide, Synbond (SB), within the 
vesicle lumen. By expressing this protein, termed SynaptoZip, 
individual vesicles undergoing exo-endocytosis can be irre-
versibly tagged, allowing for the quantification of individual 
endosome activity based on the cumulative fluorescence of 
Synbond-enriched vesicles. The analysis of this dynamic indi-
cated different behavior among the two patients. Specifically, 
at both time points, CoPAN[Arg499Cys+Gln59*] showed a marked 
reduction of SB uptake with respect to the control, while 
CoPAN[Arg499Cys] seemed to uptake slightly more SB, especially 
at 5 min (Figure 4C,D).

3.4   |   CoPAN Astrocytes Accumulated a Huge 
Amount of Iron

Iron deposition was tested on d-astrocytes after 40–50 days 
in vitro (DIV) by the specific Perls reaction that showed about 
80% and 35% iron-positive cells in CoPAN[Arg499Cys+Gln59*] and 
CoPAN[Arg499Cys], respectively, while only 3% of the control cells 

FIGURE 3    |    Characterization and cell viability of d-astrocytes. (A) Representative immunofluorescence images of d-astrocytes from control and 
CoPAN patients differentiated for 40 days in the presence or absence of 25 μM CoA. Astrocytes were stained with the specific marker glial fibrillary 
acidic protein (GFAP) and with Nestin to detect the possible presence of neural stem cells. Nuclei were stained with Hoechst. Scale bars 20 μm. (B) 
The graph shows the GFAP positive d-astrocytes, plotted as the percentage with respect to the controls of the total cells in 10 fields from three inde-
pendent experiments. Means ± SD (one-way ANOVA) *p < 0.05, ***p < 0.001, ****p < 0.0001.
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were slightly positive (Figure 5A,B). Furthermore, d-astrocytes 
were also differentiated in the presence of 25 μM CoA, and the 
percentage of Perls-positive cells was significantly reduced 
in both patients (Figure  5A,B). Similarly to fibroblasts, TfR1 
showed a decrease in patients compared to controls (Figure 5C).

3.5   |   CoPAN Astrocytes Showed a Variable 
Senescent Phenotype

Ultrastructural analysis, revealed not only the alteration 
of mitochondrial morphology, but also the presence of 

FIGURE 4    |    Affected mitochondrial morphology and vesicular trafficking in CoPAN human d-astrocytes. (A) Representative image of ultrastruc-
tural analysis of fixed d-astrocytes examined under an electron microscope. Scale bar 500 nm. (B) Mitochondrial size was measured at the level of 
the larger diameter along the perpendicular axis in more than 40 mitochondria for each sample. Graphic shows the mitochondrial diameter. Means 
∓ SD (one-way ANOVA). (C) Representative image of immunofluorescence of fixed d-astrocytes examined by confocal microscopy. In green is the 
expression of SynaptoZip, and in red, its SynBond uptake. Scale bar 20 μm. (D) The graph displays the mean fluorescence of SB, in tagged vesicles, 
expressed in percentage relative to control at 5 min. The black dots represent the control samples, while CoPAN[Arg499Cys+Gln59*] is shown in red and 
CoPAN[Arg499Cys] in blue. Means ∓ SD, (two-way ANOVA) *p < 0.05, **p < 0.01, ****p < 0.0001.
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vacuolar structures (Figure  6A) reminiscent of senescent 
cells (Cozzi et  al.  2019; Malatesta et  al.  2011), particularly 
in CoPAN[Arg499Cys+Gln59*]. To verify cellular senescent phe-
notype, we tested the �-Galactosidase activity, a biomarker 
of senescence. This analysis performed on d-astrocytes indi-
cated about 80% of positive cells in CoPAN[Arg499Cys+Gln59*] and 
around 2% of positive cells in CoPAN[Arg499Cys] (Figure 6B,C), 
comparable to the control, while the �-Galactosidase activity 
evaluated on fibroblasts showed around 1% of positive cells 
either in patients and controls (not shown). These data were 
evocative of the results obtained by Perls analysis (Figures 1A 
and 5A), suggesting a relationship between iron deposition 
and senescence. To correlate these two features, we plot the 
mean % of �-Gal positive cells versus the mean % of Perls 
positive cells using experiments done on both astrocytes and 

fibroblasts. The analysis showed a high correlation ( = 0.928) 
between these two factors (Figure 6D).

3.6   |   Only CoPAN Astrocytes Showed a Tendency 
to Lipid Peroxidation and Ferroptosis

The apparent difference in iron accumulation in the two cel-
lular models prompted us to consider further whether there 
are other distinct pathological phenotypes that could be em-
phasized, taking into account all possible variables: the effect 
of disease (patients versus controls) and/or an interaction 
between cell type (fibroblasts and d-astrocytes) and disease 
(controls and patients). All the following experiments were 
conducted by culturing fibroblasts and astrocytes in medium 

FIGURE 5    |    Iron accumulation in d-astrocytes. (A) Representative image of d-astrocytes from control and CoPAN patients, differentiated for 
50 days in the presence or absence of 25 μM CoA, stained with the iron-specific Perls reaction (blue) and counterstained with nuclear fast red. Scale 
bars 20 μm. (B) Graphic showing the percentage of cells positive for iron staining. Means ∓ SD of three independent experiments (one-way ANOVA). 
(C) Western blot of soluble cell homogenates from fibroblasts probed with the indicated antibody. Quantification of TfR1 protein normalized to 
Actin by densitometry. The graph shows the mean ∓ SEM of three independent experiments (one-way ANOVA) (right panel) **p < 0.01, ***p < 0.001, 
****p < 0.0001.
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containing serum B and supplemented with Apo-Tf, FAC, and 
ascorbic acid.

We used LME analysis (see Materials and Methods) to evalu-
ate by immunoblotting experiments the expression of mark-
ers of ferroptosis (Glutathione peroxidase, GPX4, and Nuclear 
Receptor Coactivator 4, NCOA4) and the presence of lipid per-
oxidation (malondialdehyde, MDA, and 4-hydroxy-2-nonenal, 
4HNE) (Doll and Conrad 2017). GPX4 is an antioxidant enzyme 
that controls lipid peroxidation, reducing it in its hydroxyl form 
(Ursini and Maiorino  2020). Another parameter involved in 
iron management and ferroptosis is NCOA4, a selective cargo 
receptor that mediates the autophagic degradation of ferritin 
and is involved in DNA replication and in many other metabolic 

pathways (Le et al. 2024); while MDA and 4HNE are the prod-
ucts of lipid peroxidation (Ayala et al. 2014).

GPX4 expression is decreased, and the level of MDA is elevated 
only in d-astrocytes, distinguishing patients from controls 
(Figure 7A,B), as expected in ferroptotic cells.

Regarding 4HNE, we found the same behavior in the two types 
of cells without a significant difference in patients and controls 
(Figure  7C). Evaluation of NCOA4 on cellular homogenates 
resulted in a decrease in CoPAN subjects independently of cell 
types (Figure  7D). Therefore, it is likely that the decrease in 
NCOA4 depends exclusively on having a COASY mutation and, 
considering that both cell types showed iron accumulation, 

FIGURE 6    |    Iron-induced senescence in d-astrocytes. (A) Representative image of ultrastructural analysis of fixed examined with an electron mi-
croscope. Scale bar 500 nm. (B) Representative image of SA-gal activity in controls and CoPAN patients d-astrocytes (bright field). Scale bars 20 μm. 
(C) Positively stained cells were counted and plotted as the percentage of the total cells (n = 100 cells). The results are presented as the mean ∓ SD 
in three independent experiments (one-way ANOVA). (D) The scatter plot shows CoPAN patients' fibroblasts (blue and red circles) and d-astrocytes 
(blue and red triangles), while the corresponding black symbols identify the controls. A Pearson correlation coefficient (ρ = 0.928) indicates a strong 
positive correlation between the number of β-gal-positive cells and the number of Perls-positive cells. ****p < 0.0001.
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is suggestive of a relation between CoA impairment and iron 
deposition.

4   |   Discussion

The mechanisms driving cerebral iron accumulation and its 
subsequent impact on various neurodegenerative diseases re-
main elusive. The CoPAN condition, in particular, has not been 
extensively studied in relation to iron overload. In this research, 
we employed patient-derived cellular models to delve into the 

intricacies of this phenomenon and to elucidate its potential con-
tributions to the pathogenesis of CoPAN.

The pathology is very rare and new patients have only been iden-
tified in recent years with the increasing use of exome sequenc-
ing (Cavestro et al. 2024b). We had access to the fibroblasts of 
the first two Italian CoPAN patients (Dusi et al. 2014), which 
were reprogrammed into hiPS and then derivatized to obtain 
d-astrocytes. We chose astrocytes because our previous studies 
on neuronal cell models of PKAN, another inborn error of CoA 
biosynthesis, have shown that these are the neuronal cells in 

FIGURE 7    |     Legend on next page.
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which we found the highest iron accumulation (Santambrogio 
et al. 2022). As we only had a limited number of patients avail-
able, we considered analyzing both cell models: fibroblasts 
and d-astrocytes. In contrast to PKAN fibroblasts, which did 
not accumulate iron, CoPAN fibroblasts indeed showed iron 
deposition, as did the d-astrocytes, although to different de-
grees between them. Specifically, we observed that iron accu-
mulation in CoPAN fibroblasts depends on the composition of 
serum used in cell culture. This finding further highlights the 
issue that data variability in the field might depend on the use 
of different sources of reagents (brand, batch and lot). On the 
other hand, this discovery was also an important revelation, as 
it created a gradient of pathological phenotype related to iron 
accumulation. This mechanism represents a significant factor 
in the pathogenesis of CoPAN.

In CoPAN fibroblasts, tubulin acetylation was reduced, mito-
chondrial morphology indicated a non-functional organelle, 
and vesicular trafficking appeared to be altered, suggesting a 
detrimental cascade of events as in PKAN, where alteration of 
endocytosis reduced the ability to import iron into the mitochon-
drion, thus promoting cytosolic iron deposition (Santambrogio 
et al. 2024). From these data, we can hypothesize that the molec-
ular mechanism of iron accumulation is very similar in the two 
pathologies. It is noteworthy that in both PKAN (Santambrogio 
et al. 2023) and CoPAN, treatment with CoA leads to a partial 
decline of pathogenesis. In addition, also for CoPAN, a more ev-
ident effect, compared to CoA addition, is achieved with treat-
ment with Leriglitazone. Its proven action on mitochondrial 
function (Musokhranova et al. 2023) appears to be sufficient to 
restore correct tubulin acetylation in both patient fibroblasts.

In contrast, analysis of senescence and ferroptosis revealed dif-
ferences between fibroblasts and d-astrocytes, suggesting a par-
tially overlapping phenotype. Furthermore, data highlighted a 
different degree of senescence in d-astrocytes varying between 
the two patients, possibly due to the different gene mutations. 
The heterozygous CoPAN[Arg499Cys+Gln59*] patient had a mutated 
dephospho-CoA kinase active site only on one allele, while both 
enzymatic sites were completely absent on the other. The ho-
mozygous patient had mutated dephospho-CoA kinase sites but 
retained 4′-phosphopantetheine adenylyl-transferase activity in 
both alleles. These differences could explain the varying severity 

of the disease in the two patients (Dusi et al. 2014). Moreover, we 
hypothesize that this could also explain the different behavior in 
vesicular trafficking observed with Synaptozip. Nevertheless, we 
observed a strong correlation between the percentage of senes-
cent cells and the percentage of cells with iron deposition. This 
suggests that iron accumulation and senescence occur simulta-
neously in both cell types, although fibroblasts appear to be more 
resistant to iron loading, while d-astrocytes are more susceptible 
to iron accumulation. Overall, the data seem to indicate that the 
senescence phenotype is directly related to the amount of iron. 
These data are supported by those previously shown in invitro 
models of Neuroferritinopathy, a NBIA caused by ferritin with 
structural defects that lost the ability to handle intracellular iron 
(Cozzi et al. 2021). The consequent increased cytosolic free iron 
induced senescence in both fibroblasts and iPS-derived neurons 
(Cozzi et al. 2019).

Most importantly, senescence of astrocytes that might be misin-
terpreted as astrocytic reactivity causes neuronal death, which 
could be the underlying primary cause of neurodegeneration 
(Cohen and Torres  2019). The relationship between iron and 
cellular senescence is multifaceted, with iron accumulation 
being a characteristic feature of senescent cells. Studies have 
shown that iron content increases exponentially in senescent 
cells, which may contribute to oxidative stress and cellular dys-
function (Killilea et al. 2003; Killilea et al. 2004). Furthermore, 
senescent cells exhibit alterations in iron intake and storage, 
and they are resistant to iron-mediated cell death pathways, 
such as ferroptosis, due to impaired ferritinophagy (Masaldan 
et al. 2018). Contradictorily, while iron accumulation is a conse-
quence of cellular senescence, it does not appear to be a cause, 
as manipulating iron levels does not significantly affect the 
lifespan or markers of senescence in cells (Killilea et al. 2004). 
These previous works suggested that while iron accumulation 
is associated with senescence, it is not necessarily a driver of 
the senescence process. However, our present and previous 
data indicated that iron dys-homeostasis might be the principal 
actor in promoting senescence. This is particularly important 
in astrocytes where the senescent phenotype was demonstrated 
to be associated with neurotoxicity (Kim et al. 2024). In sum-
mary, iron accumulation is a hallmark of cellular senescence, 
potentially exacerbating oxidative stress and contributing to the 
senescent phenotype.

FIGURE 7    |    Alteration of ferroptosis in fibroblasts and d-astrocytes. Western blot analysis of soluble cell homogenates from fibroblasts (left pan-
els) and d-astrocytes (middle panels) derived from control and CoPAN patients, differentiated for 50 days in serum B supplemented with FeAC, Apo-
Tf, and Ascorbic acid. Blots were probed with the indicated antibodies and protein levels were normalized to β-Actin. Quantification was performed 
via densitometry and plotted (right panels). (A) Western blot of fibroblasts and d-astrocytes showing GPX4 expression with the relative quantification 
normalized to β-Actin. Comparison between models 1 and 2 using the Kenward-Roger test revealed a significant difference for GPX4 (χ2

1
 = 5.621, 

p = 0.01775), leading to the selection of model 1. Analysis of Deviance indicated a significant CoPAN · Cell Type interaction (χ2
1
 = 7.4892, p = 0.006207). 

(B) Western blot of fibroblasts and d-astrocytes showing MDA expression with the relative quantification normalized to β-Actin. The Kenward-Roger 
test showed a significant difference between models 1 and 2 (χ2

1
 = 7.6334, p = 0.00573), leading to the use of model 1. Analysis of Deviance indicated 

significant effects for CoPAN (χ2
1
 = 5.9877, p = 0.014406) and the CoPAN · Cell Type interaction (χ2

1
 = 10.6695, p = 0.001089). (C) Western blot of fibro-

blasts and d-astrocytes showing 4HNE expression with the relative quantification normalized to β-Actin. No significant difference was found be-
tween models 1 and 2 (χ2

1
 = 2.3145, p = 0.1282), and Analysis of Deviance for model 2 revealed no significant effects. (D) Western blot of fibroblasts and 

d-astrocytes showing NCOA4 expression with the relative quantification of NCOA4 normalized to β-Actin. No significant difference was observed 
between models 1 and 2 (χ2

1
 = 3.2394, p = 0.07189), but the Analysis of Deviance indicated a significant effect of CoPAN (χ2

1
 = 46.1874, p < 0.0001). 

Round dots indicate fibroblasts, triangular dots indicate astrocytes; black represents controls, red represents CoPAN [Arg499Cys+Gln59*], and blue rep-
resents CoPAN [Arg499Cys]. **p < 0.01, ****p < 0.0001.
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Also, ferroptosis affected the two cellular types differently: fi-
broblasts did not show convincing signs of ferroptosis, while el-
evated MDA and reduced GPX4 expression indicated a clearer 
tendency toward ferroptosis in d-astrocytes. Interestingly, 
primary astrocytes isolated from the brain of mice condition-
ally deleted for Coasy in the astroglial lineage were charac-
terized by lipid peroxidation, suggesting ferroptosis (Cavestro 
et  al.  2024a) As previously demonstrated in PKAN by d-
neurons and d-astrocytes co-culture experiments, the iron-
loaded cells underwent ferroptosis, promoting neurotoxicity 
(Santambrogio et  al.  2022). Here, where the number of iron-
loaded cells is higher than in PKAN, we hypothesize that as-
trocytes might exert the same or even more marked neuronal 
toxicity. Unfortunately, the CoPAN[Arg499Cys+Gln59*] d-astrocytes, 
which had the highest number of iron/senescent positive cells, 
can only be maintained in culture for a short time after matu-
ration, thus preventing the possibility of performing co-culture 
experiments. In conclusion, although this study is limited by 
the analysis of cells derived from only two patients, it neverthe-
less demonstrates a close relationship between the accumula-
tion of cytosolic iron, caused by mitochondrial alterations, and 
senescence. A relationship that probably also exists in other 
neurodegenerations associated with mitochondrial defects and 
iron accumulation.

On the therapeutic side, our efforts to improve the amount of 
COASY by stabilizing its mRNA through the IRE/IRP system 
were unsuccessful. Therefore, the focus should be on attempts 
to improve mitochondrial health (i.e., leriglitazone treatment) 
and/or improve CoA supply to cells that are most affected due to 
defects in its biosynthesis.
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